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T2K Oscillation analysis V+V results What'’s next!?

T2K has collected data in both neutrino- and antineutrino-beam
running, and in 2016 released its first results using both neutrino
and antineutrino data.This provided the first sensitivity to Ocp from
a single experiment.

Substantial improvements have been made to the T2K analysis since
these results, focusing in two areas: the far detector reconstruction,
and the neutrino interaction model uncertainties.

In the last year; T2K has doubled its neutrino-mode data set. | will
present the newest results including this new data and analysis
Improvements.
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THE T2K EXPERIMENT

)
/ g
1 ' e
/NIIGATAx, J

s

Kamiokande L /

TOCHIGI

Kanazawag { o : g‘}mo IBARAKI
’_}_ F] A—s./ > i ] 295 I(m : |

¥ TOYAMA , VA

-

ISHIKAWA k< 24
| - : /;4‘\‘ :

b NAGANO

1% Re, SAITAMA -\~
2+ 4UKUI ’ [ % N
il ) | Vl.l’ Ve, (VT) : NS
hz 5 7{ ’ ; _ lf\_ L5 L e
% . ; p /‘/, | ’/ ‘k | : /‘L'/
). Nagoya,«" . KANAGAWA®
gE@ "/' r~
.~{ ;..r u\ > ','-~. a8 o
(S FAICHI
s : //
- SHIZUOKA *

71 l\\\\ ﬁ?'y//,“\\“ 5 ,\\ "

‘~.-
>

—
W . -

Kirsty Duffy

J-PARC, Tokai
ND280
INGRID




T2K

OFF

AXIS BEAM

INGRID

IS.

#— On ax

Off axis (2.5°)
ND280, Supr—K

~10m

ine Grained

F
Detectors [FGDs)

Side Muon Range Detecior

UA1 Mognet

,=1.0
4x10%eV

2
26,

SIn

2

=2

2

2
3

Am

T o o o
SN

T len T o B o |
+ T
1 ©0O0
/\\\\\
I EXNY

I \
Ll T T, || ‘||||I|||||I|I

L
L e

*

e " a a.' o W

-
22 2 o M) 4
s SO

4

B e e e e e e e e e e e e e e e e e e e e e e e R i

W PR LAALLLLAL LIS LN

............

T TR T T
TSP TIBITIIIIIIIBBITIRDITY)

. e e e e e e e e e e e e e e e
NS A AM A AR RS AL AAARAR e aa.
AP O T.AT S0t R T AR e e

e e e e e e e TR e e
CAAMARBBBBRRE St tts
(RAMBMEMBM BRSBTS WL
IIIIIII AAARAARA R R R R . . . SEEERTee
e

| eeareae e e'e

(|

e w
oV
- O
O
e —
\...
o C
- 9
& 5
e E
£ O
=0

E, (GeV)

T2

4

Kirsty Duffy



T2K

Both near detectors

12K NEAR DETECTORS | also used for cross-

section measurements

ND280 (off axis)

Used directly in oscillation analysis to reduce flux and cross-
section uncertainties

Fine-Grained Detectors: scintillator targets for neutrino

B [~10m
' interactions, excellent vertexing

Time-Projection Chambers: very good momentum resolution
and PID

Fine Grained
Beam Side Muon Range Detector Detectors (FGDs)

UA1 Magnet
INGRID (on axis) e flechomogeello] ;

7+7 array of iron/scintillator
detectors

Used indirectly in oscillation
analysis: measure beam stability,
estimate flux uncertainty before

Time Projection

ND280 fit Chambers (TPCs)
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T2K

50 kton water Cherenkov detector

7 \| = Lepton flavour identification from
(\ ¢ pattern of Cherenkov light from charged
particle = 0.7% of Y misidentified as e

No magnetic field

A
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T2K

NEUTRINO OSCILLATION AT T2K

T2K neutrino beam can be run in two configurations:
heutrino mode and antineutrino mode

4 b

Beam composed of mostly vy,

Beam composed of mostly v,

Measure neutrino oscillation in four channels:

& @
@ &
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T2K

DISAPPEARANCE CHANNEL

(—) (—) .
P(v, — v,) ~ 1 —4cos® 013sin? 0,3

5 AmgzL

x [1 — cos? 03sin? 053] sin
+ (solar, matter effect terms) e No oscillation
With oscillation

T2K Run 1-7a Preliminary
—
Vu = Vu

Events in 1R, sample / bin

Location of dip: Am?3; }
.. — i YTy T RPN :

Depth of dip: sin®203 e T B i R
Energy (GeV)
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T2K

APPEARANCE CHANNEL

Am?2, L
P(< — Ve) ~ sin® O53sin? 201 5 sin? M3
4F
(+)— | sin2612sin 2053sin 2043 cos 613
ABL L AmbL No oscillation
in in . . .
AE AE or 1 With oscillation
+ (CP-even, solar, matter effect terms) % °F | —_ | ]
’ ’ > - Vu Ve T2K Run 1-7a 1
2 °F Preliminary -
O - §
— 4+ -o—o- —]
o, N .
= - -
m@ 3_— o | oo - o —]
Magnitude of peak: « ol -
sin2053, sin220 3, Ocp Z - i E N
o I— - I_l—l_r -—o- -9—9- % —
> - gl -
m - - I
Oleerole oo | | | - ———
0 0.2 04 0.6 0.8 1 1.2
Energy (GeV)
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T2K Oscillation analysis V+V results What'’s next?

EFFECT OF THE CP PHASE

40 IR OO S JOUR VR SR . S OO JOUS OURLNN Y IO
CT2K Run 1-7a Preliminary | — v, Candidates

_ (—) Amz L ORISR UUU SORUOOUROTN O _ )
P(V'u — v,) ~ sin? Oy3sin” 260, 3 sin” 4—52 = — v, Candidates
(+)— } sin 26015sin 2053sin 26043 cos 613 3

No. of Events
o

Am2. L Am?2
X Sin Ti?l sin? %@)

+ (CP-even, solar, matter effect terms)

sindcp occurs in Ve and Ve
appearance probability with
opposite sign

Maximal
conservation CP violation
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T2K

WHAT ABOUT THE SOLAR
PARAMETERS?

T2K baseline and energy are chosen to coincide exactly with first
oscillation maximum according to Am?3; oscillations

Solar parameters (Am?% and sin*0 ) are also important, but are already
better-constrained by solar neutrino experiments than T2K’s sensitivity

P T

T Y*fﬂ*YT

. [ o 7 Little sensitivity to
this oscillation

—
=
2
T -
o 04 - SKsits at this
a 3 Moscillation maximum
o2 (0.6 GeV)

; 1 A A kel A F— AL ) A i A A L A 1A 0 v, IR TR T T T O i A A L A4
10° $ 10" 1 107 $ 107 1

2% 102 GeV Neutrino Energy (GeV) 2% 102 GeV Neutrino Energy (éeV)
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T2K

12K DATA-TAKING

Total Accumulated POT for Physics
v-Mode Beam Power

Antineutrino-

% 10%° a V-Mode Beam Power mode beam
= Runl  Run2 Run3  Run4. Run5  Run6 Run7  Run§ E . .
S PE | d500 ¥ | since mid-2014
g " -
32 .00 2
= : W 5 | Total protons on
- 15 LN XA { o
3 Rt : {300 % target (POT)
< 10 t f' , 1o0p @ (x10%9):
f — | 14.93 v-mode
. i 44 1N ] 7.62 V-mode
O ‘ 1 J F ___‘ O
%2010 2011 ' 2012 ' 2013 ' 2014 ' 2015 ' 2016 ~ 9% of
expected total
Beam start: o rTIK
January 2010
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T2K

12K MEASUREMENTS

Total Accumulated POT for Physics

- v-Mode Beam Power
X 1020 o V-Mode Beam Power
[—1 ‘ " —— — —
o osfun!  Run2 e Rins B Run7  Rung E
- | | 500 =
Z 5 )
5 a0 2
z o Today:
8 15 ................. b 300 E
2 | § Updated
10 ................. : ........ . . .
S o F P9 | joint fit
5 . S Vi + Ve
= +V, +V
0 2010 H e

Joint fit:

g 9 s v ¢ v %
T S ¢ :
o- U
e <‘\_ ¥
7, o
.

Ve appearance:| | Ve appearance:| / Ve appearance: Joint fit: Vi ¥ Ve
2.50 l 3.10 | /.30 Vi + Ve + Vp+ Ve

!, .
i

V. appearance
search

. — v, ¥

| Vi | Vi | Vi
ﬁdisappearance ,disappearance Ldisappearance ‘disappearance
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T2K

PREVIOUS T2K RESULTS:
WINTER 2016/2017

Joint fit of neutrino and antineutrino appearance and disappearance

(\ 3 .6 AL AL LA L N N B LI L L L L N B Y BB 6 3 [ T I
2 N 68%CL . q © B ——— Fit to T2K data onl -
i 34 90,%0) CL Normal Hierarchy  — : | Y .
O - : N " L T
- 32 *  T2K best-fit — B —— Fit with reactor constraint |
S - /\ . - Z
= 3 Z_ _: 1 L — 90% credible interval _
Sy 2.8 - B 5
g 56 f_ _f Of— ------- 68% credible interval _f
- . = Reactor constraint () .

- = 1 ]

22 ] B T2K Run 1-7c preliminary B

2 NOVA (2016) MINOS+ L =
18 | T2|K Run1|-7c prflzliminalry Supler-K = . .

03 035 04 045 05 055 06 0.65 0.7 3 o A

sin® 0, 0 0.06 0.08 0.1

sin2(613)
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Oscillation analysis

OSC\LLAT\ON ANALYS\S N A
NUTSHELL:

(=)
Measure V,
charged-current

(CC) events in

Events/(100 MeV/c)

1000

Data / Sim.

Kirsty Duffy

ViV,

Propagate

& prediction from 2%
ND to FD

2500

2000

1500

PRELIMINARY

V mode

—4— Data

[ v CCQE
[Jv CC2p-2h
- v CC Res 1t
B v CC Coh I
[ v cc Other
- v NC modes

- V modes

4

1000 1500 2000 2500 3000 3500 4000 4500
Reconstructed muon momentum (MeV/c)

Measure 'V, CC
events in FD

600

500

400

300

Events/(100 MeV/c)

200

100

Infer oscillation

parameters from
2> differences between
measured and predicted

FD energy spectrum

PRELIMINARY ~+4- Data

<
(@)
(@)
e
t
pelrrrrbrrret

V mode

v non-CCQE 3

B~ ccqE

. vV non-CCQE

|
1000 2000 10000

Reconstructed muon momentum (MeV/c)
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Oscillation analysis

OSCILLATION AN;ALYS\S NA
NUTSHELL: Vi, =,

(=) S
Measure Vv, Infer oscillation

Propagate _
charged-current Pag Measure(viJI CC [PRAGINIEISS from

& prediction from & 2 differences between

NIDENAD, events in FD measured and predicted

(CC) events in
\ID, FD energy spectrum

No oscillation
Vyu - V,u With oscillation

3

| Location of dip: Am?3;
"| Depth of dip: sin22023

. :
P(v, — v,) ~ 1 —4cos® §;3sin” O3

x [1 — cos? 0,3sin? 053] sin

+ (solar, matter effect terms)

e e )
0 0.5 1 1.5 2 25 3
Energy (GeV)
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Oscillation analysis

OSCILLATION ANALYSIS IN A
NUTSHELL: 'V, —'Ve

Use ND
candidates to (—) Ingesprec ey FE

: Measure V. CC excess over
& predict beam & -

: events in FD » prediction as V.
backgrounds in
the FD

Measure 'V, CC

events in ND
appearance

No oscillation
With oscillation
T2K Prelirlninary?

P((VL)L — S/e)) ~ sin® O23sin® 26,3 sin’ ng

(+)— | sin260;2sin 2053sin 20,3 cos O3

Magnitude of peak:
sin2023, sin?203,

Events in 1R, sample / 50 MeV

Am3, L . 5, Am2,L Sco. MH
X sin sin sin 0 CP,
+ (CP-even, solar, matter effect terms) o

Energy (GeV)
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Oscillation analysis

SYSTEMATIC UNCERTAINTIES

The number of measured events in the near detector ND280 depends on:

Nnp ®yp(Ey)o(E,)enp

Neutrino flux | Neutrino cross | car detector
icti : selection,
prediction section model .
efficiency

The number of measured events in the far detector depends on:

Nrp ~CDD (EV)G(EV)EFDVa — V,B)

A.

Far detector
selection,
efficiency

Kirsty Duffy 18 T 2"’2 \
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Oscillation analysis

NA61/SHINE
Data N )
Flux Model
INGRID/Beam J
monitor Data
4 )
External Cross- s Cross-section
section Data Model
_ J

-

\_

ND280
Detector
Model

~

v

\ 4

ND280 Data

Super-K Data
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Oscillation analysis

ND280
Detector
Model

~

J

NA61/SHINE
Data ) 4
Flux Model
INGRID/Beam J 8
monitor Data
4 )

External Cross-
section Data

.

Cross-section
Model

J
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Oscillation analysis

ND280 DATA SELECTION

Since 2016, include separate data sets
with interactions in FGD| (carbon
target) and FGD?2 (water target)

Neutrino-mode samples separated by
number of charged pions:

CC O0T1, CC IT1, CC Other

TPCI TPC2 - TPC3
el

CC-Othe

FGDI FGD2

Kirsty Duffy 21 T2/K



Oscillation analysis

ND280 DATA SELECTION

Since 2016, include separate data sets
with interactions in FGD| (carbon
target) and FGD?2 (water target)

Neutrino-mode samples separated by CC-ltrack
number of charged pions:

CC O0T1, CC IT1, CC Other

Antineutrino-mode samples separated

by number of TPC tracks:
CC [ Track, CC NTrack

CC-Ntracks

Antineutrino-mode: also include

separate samples for P and Y’
candidates

Kirsty Duffy 22 T2/K



Oscillation analysis

ND280 DATA SELECTION

Since 2016, include separate data sets
with interactions in FGD1 (carbon eg. V-mode FGDI| CC 0,

target) and FGD2 (water target) post-fit
p-value: 0.47

<
3
)
a
@

Neutrino-mode samples separated by

. 2 2500 - —4- Data -
number of charged pions: : f W ccoE -
g 2000 — [JvCC2p-2h -
CC 011, CC I171, CC Other = O coret
s " Bl CCCohin
. . m — _
Antineutrino-mode samples separated o0 |- v ccoter
— -VNCmodes 3
by number of TPC tracks: " WY nodes -
CC I Track, CC NTrack o -
E 12 —
'C‘;‘) 1.1 —
o o o — 1.0 ¢

Antineutrino-mode: also include 5 09 ' i ) :
+ - A . 0 S(I)O IOIOO 15IOO 20IOO 25I00 30I00 35I00 40I00 45I00 5000
Separate Samp|eS fOI" IJ a.nd IJ Reconstructed muon momentum (MeV/c)

candidates PRELIMINARY
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Oscillation analysis

SK DATA SELECTION

Five samples are selected at SK: B R
g V(D) + N € () X

Neutrino mode

IR,: | muon-like ring, <1 decay electron (CCQE) |
|Re: | electron-like ring, 0 decay electrons (CCQE) i

(7)) + N (e (et)+ X

‘ Ve—FN%Q-FTF + X

+‘|'Vu

|R.1TT: | electron-like ring, | decay electron
(CCITr)

Antineutrino mode

IR,: | muon-like ring, <| decay electron (CCQE)
|Re: | electron-like ring, 0 decay electrons (CCQE) @+ Ve + 7,

detected particles

Kirsty Duffy 24 TZ/R \




T2K

SUPER-K EVENT SELECTION:
_RING SAMPLES

Select events with only | reconstructed ring = | charged particle above
Cherenkov threshold

>
(]
/“7 lJ = 20_—
-
o T
Vp —> e $/ % Vu'l'vU CC non-QE
other = | _
products 5 IS¢ [ vetVe CC
o | NC
g | T2K Run 1-8 Preliminar
Mostly Charged-Current V”\/ H 'q'é) 101~ ’ o
Quasielastic (CCQE) scattering | Z |
— reconstruct neutrino energy ! i
from muon kinematics n/‘/\\ S5
P i
2 2 2 )
my- —(my, — Ep)c—my*+2(m,, — Ep)E 0 ' e
EQE, = L (mn — Ep) w t 20mn — Ep)E, 0 1000 2000 3000
2(my —Ep —E, +p,cosb,) Reconstructed v energy (MeV)

UNIVERSITY OF 25 T26 a




T2K

SUPER-K EVENT SELECTION: |
'R.ITT SAMPLE

Same event selection as | Re but also require that all events have
| decay electron (in addition to the original electron ring)

% 0.4, QE —=
Mostly Charged-Current > CCix
. . . %0-35 = o rent —
— = nn
single pion production > 035 m g
= B NCn® —
(CClm) >0.25F [ NCx -
— - [ NC coherent
0.2F NC other =
Ve e - [ 2p-2h
\\/ 0.15 :_ B NC 1y
; 0.1 — (
AN T+ 0.05 — o m

- [ —————_
N % 02 04 06 08 1 12
p p

Reconstructed Energy (GeV)

;';?ff} UNIVERSITY OF Kirsty Duffy, Universit)' of Oxford 26 I_ZR\



Oscillation analysis

NEW SK RECONSTRUCTION
ALGORITHM: FITOUN

This year, the event reconstruction at SK has been updated to use a new

algorithm: fiTQun (previous T2K analyses used reconstruction algorithm
APFit)

Improved efficiency and purity (more signal events selected for a given POT!)

MC Prediction fiTQun Selection APFIt Selection
Sample Candidates Purity Candidates Purity
V mode |Ry 261.6 79.7% 268.7 68.1%
V mode |Re 69.5 81.2% 56.5 81.4%
V mode |Re|TT 6.9 78.8% 5.6 72.0%
V mode Ry 62.0 79.7% 65.4 70.5%
V mode |Re 7.6 79.7% 6.1 63.7%
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Oscillation analysis

EXPANDED FIDUCIALVOLUME

APFit fiducial volume: reconstructed vertex > 2m T

from detector wall .
"’6//
. “ae,
fiTQun: cut on two variables wall
vertex
Distance of vertex from wall (Wall) < >
Cherenkov

Distance to the wall along the particle rings
trajectory (Towall)

Larger Towall = finer sampling of ring

Optimise cuts for each sample individually,
accounting for systematic and statistical errors

N

PMTs
Larger Towall

Kirsty Duffy 28 TZ/R \




Oscillation analysis

SK DATA SAMPLES

| Predicted Rates Observed
Sample 6CP:—TI'/2 6CP:O 6CP:TI'/2 6cp21'l' Rates
v mode IRy |_2678
vmode IR | 735 61.5 49.9 620 | 74
v mode IR.ITT | 692 601 4.87 5.78 5
V mode IR, 63. 62.9 63.1 63.1 68
V mode R 7.9 9.0 10.0 8.9 7

The number of observed events are largely in line with predictions after oscillations

Number of events in electron-like samples most consistent with 0cp=-TT/2

hypothesis

Number of events in muon-like V-mode sample below prediction (consistent

within systematic and statistical uncertainties)

Kirsty Duffy 29
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Oscillation analysis

SK DATA SAMPLES

Predicted Rates Observed
Sample Ocp=-T1/2 Ocp=0 Ocp=T1/2 OcP=TT Rates
V mode Ry 267.8 2674 267.7 268.2 240
V mode |Re /3.5 61.5 49.9 62.0 /4
vmode IRITT | 692 | 601 | 487 5.78 _
V mode Ry 63. 1 62.9 63. 1 63. 1 68
V mode |Re 7.9 2.0 10.0 8.9 /

|5 events observed in |RelTT sample, with prediction ~5-7
p-value for upward or downward fluctuation in one sample: 2.5%

p-value for upward or downward fluctuation in at least one of five samples:

1 1.9%

T2k
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Oscillation analysis

NA61/SHINE
Data

INGRID/Beam
monitor Data

External Cross-
section Data

Cross-section
Model

(

&

ND280
Detector
Model

~

J

\ 4

Super-K Data
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Oscillation analysis

NEUTRINO FLUX PREDICTION

Magnetic focussing

30 GeV
proton beam

-
R
S
-
p—
—_—

R 1 T T el II=II ------ >
Graphite target m K ; V =
(data-driven MC) _ H INGRID

Decay simulated
by GEANT3

Data-driven flux prediction based on external or in-situ measurements of:

30 GeV proton beam INGRID measures beam

Alignment and off-axis angle direction and stability to within

0.4 mrad
Pion and Kaon production (I mrad = 2% shift in peak of
4 off-axis neutrino energy
NAG6 | /SHINE distribution)
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Oscillation analysis

NEUTRINO FLUX PREDICTION

Neutrino Mode Flux at SK SK: Neutrino Mode, vy,
C B ;_1 [ | T T T T T T | ]
T = T O
EQ 10° 1 = Hadron Interactions —— Material Modeling .
S —v —v =03 - - —
= ME Ve — Proton Beam Profile & Off-axis Angle  —— Number of Protons |
E —Vu —Ve g Horn Current & Field — 13av2 Error _
R L 8 I Horn & Target Alignment - - - 11bv3.2 Error 7]
& ~ " [__] ®xE,, Arb. Norm. i
5 E 021 -
S ; Poo
<
=) A L e e - ! -
e mmame L, S o ]
[ﬁ‘\ 0.1 = fw =
I | . L T R - — —
10 1 \._I_LLLLLI'H_I::_I_‘ \_l_ N ;‘ _
| | | | I I I I ! | E %%g
0 2 4 6 8 10 0=
E, (GeV) 10 1 10

E, (GeV)
Flux prediction uncertainty is 8-12%

Dominant source of uncertainty: hadron interactions in target

NA6|/SHINE data taken with replica T2K target is being
incorporated — expect reduction of flux uncertainty
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Oscillation analysis

NEUTRINO INTERACTIO
MODEL

In recent years, T2K has used an improved neutrino interaction model:

CCQE model: chosen by studying data from T2K, MINERVA, and MiniBooNE
(Phys. Rev. D93 (2016) 072010): relativistic Fermi gas with corrections:

Valencia 2p-2h multi-nucleon scattering process (Phys. Rev. C83
(2011) 045501)

Long-range correlations in nucleus (calculation technique: Valencia

random phase approximation, RPA Phys. Rev. C vol. 70 p. 055503
(2004))

Recently improved pion production model with tuning to scattering data on
hydrogen and deuterium

Kirsty Duffy 34 TZ/R \




Oscillation analysis

NEUTRINO INTERACTIO
MODEL

In recent

CCOE New in this analysis: improved 2p-2h

choser and RPA uncertainties
D93 (Zi

Valencia 2p-2h multi-nucleon scattering process (Phys. Rev. C83 (201 1)
045501)

Long-range correlations in nucleus included in CCQE model (calculation
technique: random phase approximation, RPA)

Pion production model with tuning to scattering data on hydrogen and
deuterium

Kirsty Duffy 35 T Z/E \



Oscillation analysis

2P-2H MODELLING UNCERTAINTY

2p-2h processes produce events with biased reconstructed energy

Bias largest in processes involving coupling to a A resonance

Model the reconstruction
error: allow strength of
2p-2h cross section to vary

between all A-enhanced and
all not-A-enhanced

Also allow normalisation for
2p-2h to vary separately for
neutrinos and antineutrinos
(cover other 2p-2h models)

G/ Z [fo/GeV]

o))
(-

S
(-

20

0.5

0.2 04 0

Efe = 600 MeV
— Total

6

..... CCQE+RPA
- == 2p2h A-enhanced

— 2p2h not-A

A =

L LA A '

-

PR
1 1.5

2

25

reconstructed energy [GeV]
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Oscillation analysis

RPA CORRECTION UNCERTAINTY

Correction for long-range
correlations in the nucleus

£(Q?) = {A + B(Q%) + p2(Q*)* + p3(Q%)°, Q*<U
(C —1)exp(—D(Q* - U)), Q*>U.
modifies Q? dependence of

CCQE cross section g8 T ' i :
E [ i

8 I.2_— S -

Parameterise this correction 3 |
. . . 2 8 1 —
using a polynomial in Q ¢t :
% os8f-7 = Valencia prediction -

APPIY uncertainties on - -+ Valencia uncertainty :
parameters to cover 0.6 — Parameterised best-fit —
ch tical RPA . - Parameterised uncertainty -
eoretica correction 7 AN
uncertainty Q2GeV?]
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Oscillation analysis

NA61/SHINE
Data

Flux Model

INGRID/Beam
monitor Data

o\

v

External Cross-
section Data

-~

Cross-section
Model

\_

o\

-

v

Super-K Data
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Oscillation analysis

Oscillation in the PMNS framework
Flat priors in sin2023, dcp, and Am?3; (including mass hierarchy)

Gaussian priors on solar parameters: sin?201, = 0.846 + 0.021, Am?;,
= (7.53 £ 0.18) x10~ eV?

Two fits with two treatments of O3:

Flat prior on sin?03

Reactor constraint: sin220,3 = 0.0857 + 0.0046

Oscillation
Fit

39 TZ/E\
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Oscillation analysis

OSCILLATION FIT

Two approaches: Bayesian and hybrid frequentist-Bayesian

<% - Fit ND280 data, propagate to SK

- Simultaneous fit to ND280 'and fit SK data with constraints on
and SK data using MCMC flux and cross-section parameters
- Credible intervals - Confidence intervals

Both use binned likelihood, marginalised over nuisance parameters:

P(é»‘D) — / H LPoisson,bin(Ja §) X 7Tosc.(a)) X 7-‘-syst.(g)dg
?

SK,ND280bins \ k
“Interesting”
oscillation

Systematic
- parameters, sin20 5,
parameters: sinZ023,
sin013, Am?3;, Ocp

and Am?;
Kirsty Duffy 40 TZ/R\




Oscillation analysis

ST TED FLUX PARAMETERS

13
1.2
1.1

]
0.9
0.8 f

0.7

0.6—

V-mode Vv flux

Prior to ND280 constraint

After ND280 constraint

05: | 1 11
10

PRELIMINARY

1

10

0.5:IIIII

PRELIMINARY

Fitted flux parameters consistent with pre-fit predictions

Contrast to 2016 results (flux parameters increased by ~10-15%)

Kirsty Duffy
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Oscillation analysis

-ITTED C

Cross Section Parameters =

ROSS-5

—CTION

PARAME

—RS

2p-2h normalisation for

P o Prefit neutrinos increased by
2F Postfit o
18F U[‘ ~50%
1-62— @ ' =k
1.4F |
2 2p-2h shape shifted so
1F o o o o
i that A-enhanced
3 component is maximal
o2
O: L__l I:ILI I I IS O N ILOI I I:;ILI(DI I I_CIi.:?(tr;-.ﬁflLIL
R TH B RPA parameters for
o C c o % c O O O g _ _GC) .
2 € § 55888488 “83:2°gg2"E 5 Q2<|GeV? increased,
§e 8§ s X : S
S5E8& g “g= enhancing cross section in
that region
Kirsty Duffy 42
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Oscillation analysis

SYSTEMATIC UNCERTAINTY

Uncertainty on number of events(%) v mode v mode V—modleg—mode
IRy IR IR I TT IRy IRe e
| SK Detector 1.9 3.0 6.7 1.5 4.2 |.6
| SK FSI+SI+PN 22 30 | 1.4 2.0 23 1.6
ND280 const. flux + xsec 3.2 3.2 | 4.1 2.7 2.9 2.5
T(V)/T(V,), O(Ve)/T(V,) 00 26 26 00 15 30
NCIlY 0.0 | 0.3 0.0 2.6 l.5
NC Other 0.3 0.1 1.0 0.3 0.3 0.2
Total 4.4 6.1 20.9 3.8 6.5 4.8

Systematic uncertainties after ND280 constraint (in hybrid frequentist-Bayesian approach)

Large uncertainty due to SK detector modelling and pion

interactions in the nucleus and detector for CCI|TT-dominated
sample

Kirsty Duffy 43 TZ/E \




Oscillation analysis

SYSTEMATIC UNCERTAINTY

NO const. flux + xsec

V mode V mode ) =
Uncertainty on number of events(%) v modleév mode
IRy | Re |Re I TT IRy | Re =
SK Detector 1.9 3.0 16.7 |.5 472 |.6
SK FSI+SI+PN | 22 30 14 20 23 16

2.5

a(Ve)/O(Vy), 0(Ve)/O(Vy) 1.5
NCIY 0.0 | 0.3 0.0 2.6
NC Other 0.3 0. 1.0 0.3 0.3

Total 4.4 6.1 20.9 3.8 6.5 4.8

Systematic uncertainties after ND280 constraint (in hybrid frequentist-Bayesian approach)

Uncertainty due to flux and cross-section parameters constrained at
ND280 ~3-4%
Other parameters to account for interactions not measured at
ND280 (Ve and NC)

Kirsty Duffy 44
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Oscillation analysis

SYSTEMATIC UNCERTAINTY

Uncertainty on number of events(%) v mode v mode V—modleg—mode
IRy IRe |RelTT IRy IRe e
SK Detector 1.9 3.0 6.7 1.5 4.2 |.6
SK FSI+SI+PN 2.2 3.0 1.4 2.0 2.3 |.6
ND280 const. flux + xsec 3.2 3.2 4.1 2.7 2.9 2.5
O (Ve)/a(Vy), 0(Ve)/a(Vy) 0.0 2.6 2.6 0.0 1.5 3.0
NCIlY 0.0 | 0.3 0.0 2.6
NC Other 0.3 0. 1.0 0.3 0.3 :
Total 4.4 6.1 20.9 38 | 65 | 48 |

Systematic uncertainties after ND280 constraint (in hybrid frequentist-Bayesian approach)

Total uncertainty generally ~4-7% (except CCITT sample)
Error on V-mode/V-mode |Re ratio 4.8% (impacts ability
to measure Ocp)

Kirsty Duffy 45 TZ/R \




Oscillation analysis

ROBUSTNESS OF 12K RESULTS

Neutrino interaction model can have a large effect on T2K results

Uncertainties on systematic parameters well-motivated from external /T2K
data and theory

What about effects we haven’t considered/parameters not included?

Check effect on oscillation analysis using fake data:

|. Generate “fake data” (systematically varied Monte Carlo) at ND280 and
SK

2. Fit with current fitting model

3. Check for biases in fitted oscillation parameters

Kirsty Duffy 46 TZ/R \




Oscillation analysis

AN EXAMPLE: ND2380 DATA-
DRIVEN VARIATION

Data-MC T2K Preliminary

= 1 80 @
_r : % 0.95 60 O
Excess of data over prediction in CCOTT S L, B
sample prior to ND280 fitting
Create three fake data sets assuming
excess is entirely due to either:
1000 2000 3000 4000 5000
p, (MeV)
CCQE (not shown) :E PRELIMINARY ~ —+Dat E
S - v CCQE ]
g8 ™E [Jvcc2p2h
?\é 1500 = v mOde v CCRes In .
2p-2h A-enhanced (not shown) i F CCOTT o
E -VNCmodes E
500 = -Vmodes E
2p-2h non-A-enhanced (next slide!) Y -
2 +_’u,;,¢_._=¢-—°—_._ . .
E 8 g O: 560 1 OIOO 1 5IOO 20I00 25IOO 3OIOO 35IOO 4OI00 45I00 5:000

Reconstructed muon momentum (MeV/c)
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Oscillation analysis

AN EXAMPLE: ND280 DATA-
DRIVEN VARIATION

mam.om ?p-Zh nog-A Variati:on Study | — 90% Confidence Level 2<

< """ 68% Confidence Level . — Nominal Prediction
0.0028 *— """""""""""""""" """""""""""""""""" —— Nominal Prediction
: : | —— 2p-2h non-A Variation T 2p-2h A Variation

0.0026| Y .

H 0NN o O
|

. . -~ . * .

H : . H A H

: : 3 : R : :

: : i o : :

H : R il : :

0 0024 LIRS FOPRRURTOPT . RPN b TN e i
. H H n H H

8}
I

0_0022,} .............................. .............................. _,

@)
wn
0,
B
.
@)
)
i®)
o
O
=3
@)
—
@)
=
@)
—t
2>
(e} — (\®)
/
\
\

0.0021_ ............................. rovseee s R e _r
0.3 0. 0.5 0.6 0.7 -3 2 - 0 1 2 3

Am?3, biased towards lower values

sin?0,3 biased towards maximal Very little effect on dcr

disappearance — smaller contours Normal-hierarchy 20 confidence
than when fitting nominal interval changes by 2.3%
prediction
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Oscillation analysis

ROBUSTNESS OF T2K RESULTS:
DISCUSSION

Fake data checks are ongoing and final results are pending. This is just one example
(also check theoretically-motivated differences and data-MC discrepancies elsewhere
in T2K and other experiments)

We are investigating whether these variations represent a physical effect that should
be included as a systematic uncertainty

L2 2 . :
Contours in sin"0,3—Am’3; are presented with the caveat that systematic
uncertainties might be updated

There seems to be little effect on the dcp result

In the future, I p-1h vs 2p-2h systematic effects will be addressed by the use of 411
(coverage) ND280 samples, proton kinematic information, and (eventually) near
detector upgrades designed to target interaction modelling issues

Kirsty Duffy 49 TZ/E \




V+V results

FI T RESULTS

P-value

T2K-only 0.42
T2K+reactor 0.41

405 V'mOde I Ru 12:_
®E 240 events °F
30 L
255 8;
202 6
15t L
tof :
- ol—
5 C
0O 6 7 8I SIJ 10 00_ 0.2 0.4

Reconstructed Energy/GeV

Events

V-mode IR
68 events

8 9 10
Reconstructed Energy/GeV

Kirsty Duffy 50

=

0

VvV-mode |Re %3'55_v-mode
74 events :: IR TT
5 events
£

Reconstructed Energy/GeV

V-mode IR.
7 events

N
[
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0 0.2

0.4

0.6 0.8 1 1.2

Reconstructed Energy/GeV

0.8 1 1.2
Reconstructed Energy/GeV




V+V results

MEASUREMENT OF sin20:3 AND Am?3,

_ . . o 2
ox0s ' Including reactor constraint on sin“20;
N N _

s o :
- 2 Final E Results (pending final systematics)
NE"‘ " systematics 1 continue to favour maximal disappearance
> I pending T2K Run 1-8 preliminary ]
0 :_ ------- 68% credible interval -
- o sin2023 < 0.5 sin?023> 0.5 Sum
- — 90% credible interval i
_1E A MaCh3 best fit i IH (Am?3; < 0) 0.03 O.11 0.13
f 1 NH@mZ>0) 019 067 (L087)
—2:— B Sum 0.22 ( 0.78 > |

Al
04”045 05 055 06 065 Posterior probability: mildly favour

. 2 .
sin“f,,  upper octant and normal hierarchy
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V+V results

MEASU

REMENT OF

Comparison with winter 2016/2017
results

sin?0-,3 AN

D Am?43y

Winter 2016/2017 comparison with
other experiments
(fixed-hierarchy confidence levels)

Q003 v
= - — Run 1-790% °
= £ o Final 3.8l 1C2017 [NH] (this work) =+ SK IV 2015 [NH]
0.0020 I . 6 MINOS w/atm [NH] ~++ NOvA 2016 [NH]
n  esws  SYyStematics ' '??"’TZK'20'1'6'['NH]'"'""”'"’f”'"'"';""IC20'1'4'”[NH] """""
e - . —~34 90% CL contours -
0.0028 Run 1-8 68% ~ | | |
E A Run 1-8 Best Fit pendlng ‘ | 3 :
0.0027 —
0.0026 — L
0.0025 — J
0.0024{—
0.0023 | A R IceCube Prellmmary ,
23
sin® (6ys)
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V+V results

MEASUREMENT OF sin“03 AND 8cp

o
5 3 o 3 -
© - WORC 90% - — woRC 90%
2 - 2 -
: - - - - woRC 68% o === woRC 68%
11— 1 .
L A  woRC Best Fit - A  woRC Best Fit
0 :_ —— WRC 90% o —— WRC 90%
_1__ ---- wRC 68% —1:— ====wRC 68%
_o— A WRC Best Fit o[~ A WRC Best Fit
_3 __I | | | | | | | | | | | | | | | | | | | | | | | _3 __ | | | | | |
0.01 0.02 0.03 0.04 0.05 0.06 0.01 0.05 0.06
sin®0, , sin0,,
° [ ]
Normal Hierarchy Inverted Hierarchy

T2K only
With reactor constraint
Reactor constraint: sin220,3 = 0.0857 + 0.0046
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V+V results

WHAIT CAN WE SAY ABOUT ocp!

0 95.4% Credible Interval .
mmm 90% Credible Interval
mmmm 68% Credible Interval

] 95.4% Credible Interval =
mmm 90% Credible Interval
mmmm 68% Credible Interval

0.6

0.5

T2K Run 1-8 preliminary T2K Run 1-8 preliminary

04

0.3

0.2

0.1

Posterior probability density
O
Posterior probability density

|

(O8]

|

(\o

|

p—

S
—_
l\)_
“’E\h

Ocp (rad.) Ocp (rad.)

T2K Only T2K+Reactor
-Tt — 0.00 & 2.82 — 11 90% Ocp -2.76 — -0.63
-Tt — 0.44 & 2.39 — 11 95% Ocp -3.02 — -0.44
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V+V results

WHAT CANWE SAY ABOUT Scv’
PRIOR CONSTRAINT

The fit uses an uninformative

b B | | | | | | | | | | | | | | 9|5% IC II I(fia£ 6I 5 | | | | ] ]
= B L. CP .
z -i’ 00% CL (flat 3 : (flat) prior on Ocp
3 I B 68% C.1. (flat 5) _
2 - e 95% C.I. (flat sin(dp)) T :
= os— L 90% C1. (flat sin(de)) ] |deal for making a parameter
% u — — 68% C.I. (flat sin(dp)) - measurement
S T2K Run 1-8 preliminary
—
o B ] . . .
' - - But CP-violating terms in
g o4a?? « — oscillation probability ~ sindcp
027 ~ When looking for CP
i - violation, flat prior (and
IR T R R R ! J_-—r"‘"rr M M M M
03 = = 5 " 5 ; plotting) in sindcp might be

Scp (rad.) more appropriate
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V+V results

WHAT CANWE SAY ABOUT Sce?
PRIOR CONSTRAINT

- — ainformative
g
q) B ° °
T Ocp | D constraint depends on prior (for two
s 0 reasonable choices of prior on Ocp) ameter
2 0
& 0.6— . ) ] ]
& [ | Information content of the data is not significantly | ..
QO n . . .
2 o4 stronger than prior at current statistics ~ SinScp
024 But doesn’t change our physics conclusions: CP
conservation still excluded at 95% d
O_-3 ht be
— “Ocp (1aC
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What'’s next?

WHAI'S NEXT?

This result is an exciting first step towards discovering lepton-sector
CP violation and provides a hint towards the neutrino mass hierarchy

Need Iarger statistics for more precise measurements
r\l 1A ‘}: Hwen
v—
Strzke DUMVE KK

Also vital to decrease systematic uncertainty and understand
nuclear effects

Neutrino interaction measurements TZ/E\

on different nuclear targets

Uk

Hadron production measurements S/-/-INE

Kirsty Duffy 57 TZ/E \




T2K Oscillation analysis V+V results What'’s next!?

SUMMARY

T2K has doubled neutrino-mode statistics since 2016

Other new updates to oscillation analysis:
Improved Super-K reconstruction — effective ~30% increase in statistics
Improved uncertainties on neutrino interaction model (2p-2h and RPA)

CP-conserving values of dcp are excluded at 20/95.45% in both credible and confidence
intervals (confidence intervals not shown)

T2K prefers the normal hierarchy and upper octant (but not statistically significant)

Higher statistics from longer T2K running and eventual combination with NOvVA, as well as
improved interaction models and measurements, mean there is a bright future ahead for
precision neutrino physics and searching for CP violation!
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6CP
w

o
|IIII|IIII|IIII|IIII|IIII|IIII|

— woRC 90%

====woRC 68%

A  woRC Best Fit

—— wRC 90%

Posterior probability density

-=-=-wRC 68%

A  wRC Best Fit

Kirsty Duffy
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| 95% CI. (flat 8,) s
I 90% C.I. (flat §,)
I 68% C.I. (flat §p) -
............. 95% C 1. (flat sin(dp)) ]
------- 90% CI. (flat sin(d.p))
— — 68% C 1. (flat sin(d)) -

T2K Run 1-8 preliminary  —

“

| | | | | | | | | =
- o L 1 1 1 | | I J—-—‘I"__rr_r
000 e 033 ) -1 0 1 2 3
Ocp (rad.)
—— L e — e ——

THANKYOU
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OSCILLATION PARAMETER
SENSITIVITIES

003
=

<
0.0029
0.0028
0.0027
0.0026
0.0025

0.0024

0.0028

6CP
|
N l; o — N W

|
()

o
_‘|IIII|IIII|IIII|IIII|IIII|IIII|

o

Asimov 90%
Asimov 68%
Asimov Best Fit
Data 90%

Data 68%

Data Best Fit

EN IIII|IIII|IIII|IIII|IIII|IIII|IIII

(a) sin? a3~ Am3,:

0.45 0.5

0.55

0.6 - 0.65
sin 923

normal hierarchy

Asimov 90%

= === Asimov 68%

A Asimov Best Fit

Data 90%

===~ Data 68%

A Data Best Fit

0.05 0.06

in2
sin“6,

(c) sin? §13-9¢p: normal hierarchy

Q002 -
= - ——  Asimov 90%
oo e Asimov 68%
- A Asimov Best Fit
0.0022 :_ Data 90%
' PP PPPPPPPS Data 68%
0.0023 C A Data Best Fit
-0.0024—
-0.0025|—
-0.0026—
-0.0027 |~
_0 002 _ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
’ 8.4 0.45 0.5 0.55 0.6 0.65
SN0,

(b) sin? fy3—Am2,: inverted hierarchy

5 3
) -
C \\’\/ Asimov 90%
o
C - === Asimov 68%
1=
- A Asimov Best Fit
o= Data 90%
—1_— - === Data 68%
_2__ A Data Best Fit
<] et DS T M R B
0.01 0.02 0.03 0.04 0.05 0.06

in2,
sing,

(d) sin? 613-d¢p: inverted hierarchy

T2K only

90% Cred. Int.
68% Cred. Int.
Best-fit point
Sensitivity
Data

Kirsty Duffy
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OSCILLATION PARAMETER

SENSITIVITIES

Kirsty Duffy

probability
S S

— AsIimov

— Data

Normal Hierarchy

62

T2K only

— 90% Cred. Int.
==+ 68% Cred. Int.
A Best-fit point
— Sensitivity

— Data

probability
)

— Asimov

— Data

Inverted Hierarchy




OSCILLATION PARAMETER
SENSITIVITIES

T2K+Reactor

%003 <&002 -
= C ——  Asimov 90% = - ——  Asimov 90%
< - . < - .
- mmmmmeesee Asimov 68% - mmmmmeeee- Asimov 68%
I -0.0021—
0.0029 - A Asimov Best Fit - A Asimov Best Fit
C D A - D b
C ata 90% _0.0022— ata 90%
0.0028—  eeeeeeees Data 68% o Data 68%
= A Data Best Fit C A Data Best Fit
C -0.0023 —
0.0027 — -
C -0.0024 —
0.0026|— -
C -0.0025 —
0.0025 =
C -0.0026 —
0.0024 — ~0.0027 |—
C 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 — : 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0'0028.4 0.45 0.5 0.55 0.6 0.65 0'0028.4 0.45 0.5 0.55 0.6 0.65 900/ re d I nt
sin®0,, sin®0,, (o] C ° o

(a) sin? fe3—Am3,: normal hierarchy

(b) sin? fa3—Am32,: inverted hierarchy

68% Cred. Int.
Best-fit point

S . . .
o o
S af N S of enSItIVIt)’
- Asimov 90% - Asimov 90%
o 2 Data
r ===~ Asimov 68% r ===~ Asimov 68%
11— 11—
- A Asimov Best Fit - A Asimov Best Fit
0 - Data 90% 0 - Data 90%
-1 = === Data 68% -1 = === Data 68%
_o— A Data Best Fit _of— A Data Best Fit
-3l | | | Lo ol ] il BN | | | TR SR

0.03 0.032 0.034
sin®e,

il AR PR A A S BTN AR RN R
0.016 0018 002 0022 0024 0026 0.028

(c) sin? #13-8cp: normal hierarchy

0.03 0.032 0.034
sin®0,

il IRRTRTIN R NN NSRS BRI BRI 1
0.016 0.018 0.02 0.022 0.024 0.026 0.028

(d) sin? 6139 p: inverted hierarchy

Kirsty Duffy
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OSCILLATION PARAMETER

SENSITIVITIES

Kirsty Duffy

Posterior probability
) ) ) )

— Asimov

— Data

0.1: AL—A/HIJJI
b Ry
-3 -2 -1 0 1 2 63
CP

Normal Hierarchy

64

T2K+Reactor

— 90% Cred. Int.
==+ 68% Cred. Int.
A Best-fit point
— Sensitivity

— Data

— AsImovVv

— Data

Inverted Hierarchy




COMPARISON TO 2016 RESULTS

5CF‘
| |
N —_ o —_ N w

o b

-9|IIII|IIII|IIII|IIII|IIII|IIII|

Run 1-7 90%
Run 1-7 68%

Run 1-7 Best Fit
Run 1-8 90%
Run 1-8 68%
Run 1-8 Best Fit

IS IIII|IIII|IIII|IIII|IIII|IIII|IIII

—~
5
N~—

0.45 0.5

0.55

0.6 " 0.65
sin“0,,

sin? 923—Am§2: normal hierarchy

Run 1-7 90%

====-Run 1-7 68%

Run 1-7 Best Fit

Run 1-8 90%

= === Run 1-8 68%

A Run 1-8 Best Fit

(c) sin? 013 9¢p: normal hierarchy

Q002

=

<
-0.0021
-0.0022
-0.0023
-0.0024
-0.0025
-0.0026
-0.0027

—0.0028

6CF
|
N L o Y N (&)

)

9|IIII|IIII|IIII|IIII|IIII|IIII|

Run 1-7 90%
Run 1-7 68%

Run 1-7 Best Fit
Run 1-8 90%
Run 1-8 68%
Run 1-8 Best Fit

NITTTT[TIT T[T T[T T T[T I T T[T T T T[T TITT[TTTT
I I I I I I I

—~
o
~—

0.45 0.5

0.6 - 0.65
sin“0,,

sin? 023—Am§2: inverted hierarchy

~_

Run 1-7 90%

====Run 1-768%

Run 1-7 Best Fit

Run 1-8 90%

= === Run 1-8 68%

A Run 1-8 Best Fit

0.04 0.05 0.06

in2
sin0,,

(d) sin? 613-d¢p: inverted hierarchy

T2K only

90% Cred. Int.
68% Cred. Int.
Best-fit point

Data (Run 1-7)
Data (Run 1-8)
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COMPARISON TO 2016 RESULTS

T2K only

— 90% Cred. Int.
-=+ 68% Cred. Int.
A Best-fit point

— Data (Run [-7)
— Data (Run [-8)

— Run 1-7
— Run 1-8

— Run 1-7

Posterior probability
s o ©
(5 S ()]
FTTT | T T

Posterior probability
) )

5 3 0 -3 -2 -1 0 1 2 N 3
CP CP

Normal Hierarchy Inverted Hierarchy
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COMPARISON TO 2016 RESULTS

003
=

0.0029
0.0028
0.0027
0.0026
0.0025
0.0024

0.0028

6CP
— [

—

-2

-3

—— Run1-790%

---------- Run 1-7 68%
Run 1-7 Best Fit

— Run1-890%

---------- Run 1-8 68%
A Run 1-8 Best Fit

IS IIII|IIII|IIII|IIII|IIII|IIII|IIII

0.45 0.5 0.55 0.6 0.65
sin0,,,

(a) sin? fo3—~Am32,: normal hierarchy

= Run 1-790%

= === Run 1-7 68%

Run 1-7 Best Fit

Run 1-8 90%

= === Run 1-8 68%

A Run 1-8 Best Fit

P

|||||||||~|.T-|"|||||||||||||||||||||||

|
0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.01234
sin“6
13

(c) sin? f13-6cp: normal hierarchy

<002

s

<
-0.0021
-0.0022
-0.0023
-0.0024
-0.0025
-0.0026

-0.0027

—0.0028

-2

-3

—— Run1-790%

---------- Run 1-7 68%
Run 1-7 Best Fit

———— Run 1-890%

---------- Run 1-8 68%
A Run 1-8 Best Fit

NITTTT [T I T[T I TI T T[T I T T[T T I T[T TTT[TTITT
I I I I I I I

0.45 0.5 0.55 0.6 0.65
sin?0,,,

(b) sin? fa3—Am3,: inverted hierarchy

= Run 1-7 90%

====Run 1-7 68%

Run 1-7 Best Fit

Run 1-8 90%

= === Run 1-8 68%

A Run 1-8 Best Fit

0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.0:254
sin“6
13

(d) sin? 613-5cp: inverted hierarchy

T2K+Reactor

90% Cred. Int.
68% Cred. Int.
Best-fit point

Data (Run 1-7)
Data (Run 1-8)
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COMPARISON TO 2016 RESULTS

Kirsty Duffy

Posterior probability
) (e ) @) ) )
SR SR

TTTTTTTTTTTTTTTTTTT]TT

-
[E—

o .
TTH

Normal Hierarchy

68

T2K+Reactor

— 90% Cred. Int.
-=+ 68% Cred. Int.
A Best-fit point

— Data (Run [-7)
— Data (Run [-8)

o0
T

— Run 1-7
— Run 1-8

N
AN

Posterior probability
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CONFIDENCE INTERVALS
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CONFIDENCE INTERVALS
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MEASURE

1O S

D CONSTRAINT COMPARED

-NSITIVITY (FREQUENTIST)

20—t TIK Runl-8 Preliminary
1 1 1i1vi - 68.27% of toys MC =
= Data constraint on Ocp is stronger than sensitivity. 0545 of e M
Is that reasonable? up 20 CL
3 12F
§% NH
= Run many toy experiments with statistical and G
systematic fluctuations S fo
2
3 -2 -1 0 1 2 3
= Input dcp=-T1/2, normal hierarchy Ocp (12d)
Oy e TOK Runl 8 Preiminary __
C | 68.27% of toys MC B .
= Data constraint falls within range for 95.45% of B hdsTeoliopME E
experiments for most Ocp points ~ Tf D 4 ER
S IH
. " 10p
= 30% of experiments exclude 0cp=0 at 20 \
5 N
° 0_ —_ —_
= 25% of experiments exclude Ocp=TT at 20 T e

Kirsty Duffy

71




-SULTS: CP PHASE
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T2K

]-PARC NEU TRINO BEAM LINE

N
Main Ring 4_

ND280 .
INGRI[/) Secondary beamline (\
_ PPu- - 2.
to Super-K - — - : o)(?
— pre - — 3
Vu Beam dump f Target 5%
+ Muon monitor station 2 %
e
Decay volume
9 SIO 10(? m
Fast extraction 30 GeV
to the neutrino beamline proton

beam

Pions are focused by 3 electromagnetic horns
Target installed in Ist horn
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T2K

APPEARANCE:WHAT DO THE
OSCILLATION PARAMETERS DO?

e T o B Predicted oscillation
'? - T2K prediction, NH (A m2, = 2.509 x 107 eV?) 3 probabilities at T2K,
l>:x. 0'08;_ T2K prediction, IH (A m3, = -2.509 x 10~ eV?) —; assuming:
-1 0.075— _f
- . sin20,3 = 0.528
0o E sin20, = 0.304
0.052— l. Scp = -T1/2 _z 2sini9|3 = 0.02 I_73 :
- . Am?3; = £2.509x10-° eV
e &/ E Am?y; = 7.53x10°5 eV2
(@ Ocp = +T1/2 E E, = 0.6 GeV
- - L = 295 km
002 60 004 005 006 007 o008 005 | Earth density =2.6 g/cm?

P(v,—V,)
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T2K

APPEARANCE:WHAT DO THE
OSCILLATION PARAMETERS DO?

e T S e e S Predicted oscillation
'? : T2K prediction, NH (Am3, = 2509 X 10° eV?) probabilities at T2K,
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-1 0.07 Increase = .
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Oscillation analysis

NEUTRINO INTERACTION MODEL

Energy reconstruction at SK assumes all
interactions that produce a single Cherenkov

ring are CCQE Vu \\/ M
N

Non-CCQE interactions: bias in reconstructed
energy n

Quasi-elastic

»

Major worry: interactions that mimic CCQE
Neutrino scatters on a correlated pair of nucleons (2p-2h)

Neutrino scatter produces a pion, which is re-absorbed in the
nucleus

Neutrino scatter produces a pion, which is absorbed in the detector
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Oscillation analysis

NEW SK RECONSTRUCTION
ALGORITHM: FITOUN

Previous T2K analyses used reconstruction algorithm APFit

This year, the event reconstruction at SK has been updated to use a
new algorithm: fiTQun

fiTQun uses a charge and time likelihood for a given ring(s)
hypothesis

Maximises likelihood for each event

Complete charge and time information in the likelihood leads to
improved event reconstruction
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Slide taken from M. Hartz KEK Seminar, 4th August 2017: https://www.t2k.org/docs/talk/282/kekseminar20170804
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Oscillation analysis

IMPROVEMENTS FROM APFIT TO
FITOUN

MC Prediction fiTQun Selection APFit Selection
Sample Candidates Purit Candidates Purit
V mode |Ry, 261.6 79.7% 268.7 68.19% \
V mode |Re 69.5 81.29% 56.5 81.4%
V mode [RelTT 6.9 /8.8% 5.6 72.0%
V mode Ry 62.0 79.7% 65.4 70.5%
vV mode IR 76 79.7% 61 63.7%

IR, (CCQE): improvement in efficiency and purity
Reduction of NCT1T and CCTT1 backgrounds
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Oscillation analysis

IMPROVEMENTS FROM APFIT TO

Hl TQUN

MC Prediction fiTQun Selection APFIt Selection
Sample Candidates Purity Candidates Purity
V mode |Ry 261.6 79.7% 268.7 68. 1%
V mode |Re 69.5 81.2% 6.5 81.4% \
V mode |RelTT 6.9 78.8% 5.6 72.0%
V mode |R 62.0 79.7% 65.4 70.5%
V mode |Re /6 | 79.7% 6. | 63.7%

IR, (CCQE): improvement in efficiency and purity

Reduction of NCT1T and CC1t backgrounds

|Re (CCQE): efficiency increases (due to new fiducial volume)
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Oscillation analysis

IMPROVEMENTS FROM APFIT TO

Hl TQUN

MC Prediction fiTQun Selection APFIt Selection
Sample Candidates Purity Candidates Purity
V mode Ry 261.6 79.7% 268.7 68.1%
V mode | Re 69.5 81.2% 56.5 81.4%
V mode |Re|TT 6.9 78.8% .6 72.0%
V mode Ry 62.0 79.7% 65.4 70.5%
V mode |Re 7.6 79.7% 6. 63.7%

IR, (CCQE): improvement in efficiency and purity

Reduction of NCT1T and CC1t backgrounds

|Re (CCQE): efficiency increases (due to new fiducial volume)

|Re 1 TT (CCIT1T): improvement in efficiency and purity

Reduced contamination from muon rings (improved PID)
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